The determination of effective dynamic and static relationships between pressure and volume aided in the diagno& of polmonary disease, its course, and the effects of therapy in 22 patients receiving continuous mechanical ventilation. These measurements were made on multiple occasions early in the course of mechanical ventilation and were repeated after any indication of clinical deterioration. Abrupt changes from control measurements provided supportive evidence for the presence of cardiogenic pulmonary edema in four patients, progresshre pneumonia in four patients, bronchoconstriction in four patients, retained secretions in five patients, pneumothorax in two patients, intubation of main-stem bronchus in three patients, and atelectasis in two patients and were useful in evaluating the resalts of subsequent therapy.
D u r i n g mechanical ventilation, patients fretilation. I endeavored to make these measurements quently have episodes of deterioration in respias technically uncomplicated as possible, in order ratory status.' The causes for acute respiratory disto allow utilization in all intensive care units. tress and hypoxemia in such patients are multiple. Rapid identihation of the cause and expedient
METHODS
therapy can be lifesaving. Because of s i d c a n t deterioration in the patient's condition, treatment often must be instituted before absolute c o h ation of the diagnosis. Because of the complexity and invasive nature of many pulmonary diagnostic procedures, a noninvasive procedure that provides useful information should be a welcome addition.
The accuracy and reproducibility of determining total respiratory compliance has been repeatedly demonstrateds7 but has not been applied to the diagnosis and evaluation of treatment in the acutely ill patient except in anecdotal case report^.^.^ An occasional reference is made to peak ventilator pressure measurements in the acutely ill patient.1° This determination at best gives limited information regarding pulmonary mechanics.
The purpose of this investigation was to prospectively evaluate and statistically document the contribution of pressure-volume relationships of the respiratory system as additional monitoring measurements in patients treated with mechanical ven-A prospective study was undertaken to evaluate the contribution of routine determination of dynamic and static pressure-volume measurements as a monitoring parameter in 25 consecutive patients requiring continuous mechanical ventilation for 72 hours or longer. The patients in this report were studied in the respiratory intensive care unit of Kansas University Medical Center from November 1974 to April 1975. Each patient had a peripheral arterial catheter placed for blood pressure monitoring and blood gas analysis. Pulmonary arterial pressure and pulmonary capillary wedge pressure were monitored with a flow-directed pulmonary arterial catheter (Swan-Ganz) in 16 patients. All patients were ventilated with a volume ventilator ( Bennett MA-1 ).
Measurements were made early in the course of assisted ventilation and were repeated every eight hours and whenever patients developed increasing hypoxemia or respiratory distress. Measurements were also made before and after certain therapeutic treatment. Static and dynamic measurements of pressure and volume were made at values for tidal volume (TV) of 0.6, 0.8, 1.0, and 1.2 L and were plotted as pressure-volume c w e s . Each curve was compared to the curve plotted previously to detect changes at each TV. Only curves determined at multiple values for TV were compared. Because compliance is affected by the subject's relaxation, the size of the patient, the lung volume history, and the flow rate,z-lo pressure-volume curves were compared to previous determinations on the same patient, rather than to a "normal" value, in order to avoid changes due to variations between individuals. All measurements were performed at the same flow rate, and the sequence in which the value for TV was changed was comparable. Since absolute lung volumes were not measured and since pressure-volume behavior of , h e total respiratory system may vary with lung volume, this is an uncontrolled variable of this study.
The peak pressure during dynamic measurements in this Whenever an adiustment was made in mechanical ventilastudy is the sum of elastic and flow resistive pressures. For tion, such as institution of positive end-expiratory pressure (PEEP), a new measurement of the pressure-volume curve was made, and this measurement was used as the control. All measurements were determined with the patient in a relaxed state and in a supine position. When muscular relaxants were used, measurements were made before and after use, in order to assess the independent effect of complete relaxation of the chest wall and respiratory muscles on these measurements. The latter curve (after complete muscular relaxation) was then used to judge alterations occurring in subsequent curves.
The static compliance curve of the lungs and chest wall was constructed as in Figure 1 by comparing TV with pressure on the ventilator's manometer while transiently occluding the expiratory flow. The static compliance at each TV is calculated by dividing the TV by the "plateau" pressure at the end of inspiration. This "plateau" pressure results from a period of no flow for approximately 0.5 second and is accomplished by using the "inflation hold" or "expiratory resistance" on most volume ventilators. The expiratory line was occluded for greater than 2.5 seconds to validate the "plateau" pressure as a hue static pressure. When PEEP was used, PEEP was subtracted from "plateau" pressure to obtain the change in pressure that produced the change in volume. In Figure 1 ( 1 ) bronchoconstriction, wheezing reversed by therapy with bronchodilator drugs; ( 2 ) retained secretions, increased hypoxemia and respiratory distress reversed by removing secretions with the, fiberoptic bronchoscope; ( 3 ) pneumothorax, chest roentgenographic documentation; ( 4 ) atelectasis, lobar collapse seen on the chest roentgenogram, reversed by use of the fiberoptic bronchoscope; (5) bronchial intubation, absent breath sounds in one lung, reversed by withdrawing the endotracheal tube 2 to 3 cm; ( 6 ) pulmonary edema, elevated pulmonary capillary wedge pressure with associated hypoxemia and respiratory distress; and ( 7 ) pneumonia, pulmonary consolidation on the chest roentgenogram, with positive endotracheal cultures.
Often shifts in the curves occurred gradually over days, and decisions were based on seauential curves. For this reason, changes that occurred after specific treatment are presented in Table 1 ; for example, after the diagnosis of retained secretions, data before and after fiberoptic bronchoscopic removal of the secretions are presented to show the contribution of retained secretions to the changes seen on these pressure-volume curves. Data are also presented in this fashion before and after treatment of bronchospasm with bronchodilator drugs, treatment of tension pneumothorax with placement of a chest tube, treatment of atelectasis with use of the fiberoptic bronchoscope, treatment of bronchial intubation with proper corrected placement of an endotracheal tube, and treatment of pulmonary edema with administration of diuretics.
The random variability of this monitoring procedure was tested by making these measurements at one hour and again at 30 minutes prior to discontinuing mechanical ventilation in 14 patients. The change in pressure-volume measurements on the day of discontinuing mechanical ventilation were compared to those changes occurring with each diagnostic entity. The pressure-volume relationship is linear in the vicinity of functional residual capacity in the healthy subject. In patients treated with mechanical ventilation, this relationship is not linear, especially at the extremes of lung volume. Thus, values obtained from the pressure-volume curve will vary, depending on the part of the curve over which the ratio of volume change to pressure change is determined; however, illustration of significant pressure-volume changes at one measured TV with specific diagnostic entities is sufficient to demonstrate the clinical usefulness of this measurement.
The numerical values for static compliance and dynamic characteristics at a 0.8-L TV were selected for statistical comparison. This part of the curve was selected for statistical analysis because shifts in the curve detected at larger values of TV were usually reflected at this TV, and this TV was near the midpoint of the determined curves and, thus, more accurately reflected shifts in the curve on the horizontal axis.
Statistical analysis was performed with the Wilcox rank-sum tesf12 with P < 0.05 considered as significant.
RESULTS
The routine determination of curves for static compliance and dynamic characteristics contributed to medical management in 22 of 25 patients receiving prolonged mechanical ventilation. In 22 patients, 32 superimposed respiratory complications occurred that resulted in variable changes in the curves for compliance and dynamic characteristics. These determinations were useful only if compared to determinations performed prior to complicating pulmonary disease. Maximum usefulness was found when these curves were determined at multiple values for TV because large changes at one TV were often associated with small changes at other values of TV; for example, an increase in pulmonary capillary wedge pressure of 4 to 5 mm Hg often produced changes in total respiratory compliance or dynamic characteristics only at the higher values of TV; however when the pulmonary capillary wedge pressure increased 10 to 15 mm Hg, changes could be demonstrated at all values of TV. Muscle relaxants were utilized in eight patients in an effort to adequately control ventilation. There were no recognized complications from determination of these curves. Pressure-volume determinations performed in 14 patients on the day of discontinuing mechanical ventilation resulted in a variability of 4 + 10 percent in dynamic characteristics and 6 +-10 percent in static compliance at the 0.8-LTV. A comparison of changes in static compliance and dynamic characteristics after complicating pulmonary disease, compared to the random variability of these measurements, is contained in Table 1 . The changes that occurred with complicating pulmonary disease can be categorized into two different groups, as noted in the following and illustrated in 
Dynamic Churacteristics Curue Shifted More to Right than Static Compliance Curue
Bronchoconstriction. In four patients a diagnosis of bronchoconstriction was reflected by a rightshifted curve for dynamic characteristics accompanied by little or no shift of the compliance curve. After treatment with bronchodilator drugs, the curve for dynamic characteristics returned to the left. Retained Secretions. In five patients, therapy with bronchodilator drugs had no effect on the respiratory distress, hypoxemia, or right-shifted curve for dynamic characteristics. The chest roentgenogram in each case was unchanged from that obtained prior to the change in the curve for dynamic characteristics. Fiberoptic bronchoscopic examination demonstrated excess secretions. The curve for dynamic characteristics returned to the left after bronchoscopic aspiration of retained secretions.
Curves for Static Compliance and Dynamic Characteristics Shifted Equally to Right
Tension Pneumothorax. Two patients developed pneumothorax while receiving assisted ventilation. One patient developed tension pneumothorax in the left side of the chest, followed two days later by tension pneumothorax in the right side of the chest. In this patient the' rightward shift of both curves preceded respiratory distress and increasing hypoxemia. After documentation of tension pneumothorax by the chest roentgenogram, chest tubes were inserted. The curves returned to the left after reexpansion of the lung. The other patient developed a right-sided pneumothorax on two occasions, the second .after'malfunction of the first chest tube. Both pneumothoraces were preceded by a rightward shift of both curves on the routinely obtained curves.
Atelectasis.
In two patients a rightward shift of both curves, acute hypoxemia, and respiratory distress prompted roentgenographic evaluation, which demonstrated lobar atelectasis. After fiberoptic bronchoscopic examination, both curves returned to the left. The follow-up chest roentgenogram revealed complete expansion of the lungs in each patient.
Right Main-Stem Bronchial Intubation. In three patients, displacement of the endotracheal tube into the right main-stem bronchus was associated with a shift of both curves to the right. After correct diagnosis and proper placement of the endotracheal tube, both curves returned to the left. Pulmonary Edema. In six patients, both curves were shifted to the right. In each case, this was associated with an elevated pulmonary capillary wedge pressure (21 * 3 mm Hg). After treatment with diuretics, which resulted in a decrease in the pulmonary capillary wedge pressure, (11 + 1 mm Hg), both curves shifted to the left. In four patients, rightward shifted curves for static compliance and dynamic characteristics without elevation of the pulmonary capillary wedge pressure were associated with the noncardiogenic pulmonary edema of the adult respiratory distress syndrome. Diuretic therapy in three of four patients with noncardiogenic pulmonary edema resulted in a shift of the curves to the left. Pneumniu. Rightward shifted curves for static compliance and dynamic characteristics secondary to widespread bronchopneumonia were seen in four patients. These changes in pressure-volume measurements were correlated with roentgenographic progression of the bronchopneumonia. All four patients died, with widespread bronchopneumonia found at postmortem examination.
Significant respiratory complications requiring rapid therapeutic intervention occurred in most of the patients receiving prolonged mechanical ventilation in this study. This high frequency of complications, often affecting prognosis, has been documented by others.' In this study, frequent determination of pressure-volume measurements complimented and often preceded detection of abnormalities by other means. Although it was recently shown that maximum compliance correlates with best oxygen transport in patients treated with PEEP,lS there is little available information statistically documenting the usefulness of pressurevolume measurements in the routine management of patients receiving continuous mechanical ventilation. There is ample experimental evidence that many disease processes aflect lung compliance; however, no data were found that carefully recorded measurements of compliance before and after treatment of bronchial intubation, tension pneumothorax, and removal of retained secretions in human studies.1422 The determination of peak ventilator pressures alone is inadequate, as these data do not allow separation of parenchymal from airway disease.
Two types of errors in these measurements may result if respiratory muscles are not relaxed. If the patient is actively inspiring, the pressures developed by the ventilator to inflate the respiratory system will be less than the total pressure required. If the patient is resisting mechanical ventilation, the total pressure developed by the ventilator will be in excess of that required to inflate the relaxed system. Reproducible results have been obtained in multiple clinical studies of subjects trained to relax their respiratory muscle^.^.^^ In this study, determinations were reproducible, as most patients receiving continuous mechanical ventilation become accustomed to the ventilator rapidly, and the reference or control value was a determination done earlier on the same patient. In the few patients who resisted mechanical ventilation, these curves were determined after relaxation produced by administering muscle relaxants for therapeutic reasons.
Measurement of lung compliance, rather than total respiratory compliance, would avoid the problems associated with unrelaxed respiratory muscles. It is hoped that this study will provide impetus to measure lung compliance in those patients most likely to develop respiratory complications. In those patients less likely to develop respiratory complications, pressure-volume measurements of the respiratory system might be performed. A continuous display of airway pressure can be obtained by a standard vascular transducer (Statham P23I) and displayed on an oscilloscope. A pressure-volume curve could be obtained by adding a pneumotachometer, flow transducer, and integrator.
The contribution of the airways or parenchyma to pulmonary disease can be estimated by comparing dynamic and static measurements. Bronchoconstriction (airway narrowing without complete collapse) will increase airway resistance, with no effect on static compliance. Bronchospasm (complete bronchial occlusion) will cause a fall in static compliance, with no change in airway resistance. When bronchoconstriction and bronchospasm Wcur together (the usual clinical situation), changes in airway resistance and static compliance are present. Reflecting these physiologic principles, conditions associated with increased airway resistance ( bronchoconstriction or retained secretions ) resulted in a decrease in dynamic characteristics. Determination of the presence of retained secretions and the need for vigorous suction or use of the fiberoptic bronchoscope was determined by a rightward shift of the w e for dynamic characteristics, with a lesser shift of the static compliance curve back to the right. It is important to note that retained secretions were often detected by shifts in the curves for dynamic characteristics before roentgenographic changes of atelectasis were detected. This method of early detection of retained secretions allowed utilization of the fiberoptic bronchoscope before the process had progressed to atelectasis. Redetermination of the pressure-volume curve after use of the fiberoptic bronchoscope and a shift of both curves to the left allowed evaluation of the success of the fiberoptic bronchoscope in removing retained secretions.
A tension pneumothorax has been reported to be a frequent complication of assisted ventilation in multiple studies.13536 An indication of pneumothorax in patients treated with continuous mechanical ventilation was obtained on four occasions in two patients by a shift of both curves to the right. This shift in the curves for static compliance curve and dynamic characteristics occurred in both patients before they became symptomatic and was, therefore, an early indicator of pneumothorax. Lobar atelectasis was characterized by a shift of both curves to the right. Treatment with the fiberoptic bronchoscope and the removal of obstructing mucous plugs resulted in a shift of these curves back to the left. Displacement of endotracheal tubes into the main-stem bronchus after proper initial placement has been described as a frequent complication of assisted ventilation.' The first recognition of main-stem bronchial intubation was provided by pressure-volume determinations in three patients in this study. Determination of pressurevolume curves with markers for endotracheal tube depth, frequent physical examination, and chest roentgenograms may decrease the incidence of this complication.
Pulmonary edema resulted in decreased compliance in experimental s t u d . i e~.~~J~ In this study, the shift of both curves to the right correlated with elevation of the pulmonary capillary wedge pressure. Determination of these curves proved to be a valuable noninvasive indicator of noncardiogenic pulmonary edema associated with acute parenchymal respiratory disease (adult respiratory distress syndrome). The determination of pressurevolume curves was useful in measuring the effect of diuretic therapy on increased lung recoil secondary to noncardiogenic pulmonary edema.
The determination of static compliance and dynamic characteristics was often the first diagnostic factor indicating complicating pulmonary disease in patients with acute respiratory failure. Their diagnostic accuracy was rapidly validated by the patients' response to appropriate treatment for bronchoconstriction, mucous plugging, tension pneumothorax, atelectasis, main-stem bronchial intubation, and pulmonary edema. The monitoring of lung compliance would be preferable to monitoring of compliance of the lungs and chest wall in all patients with rapidly changing respiratory status; however, in the absence of the capability to monitor lung compliance in all patients treated with mechanical ventilation, these measurements should be made. Pressure-volume curves were valuable in the medical management of these patients. The analysis of these curves cannot substitute for chest roentgenograms, determinations of blood gas levels, pulmonary angiograms, ventilation-perfusion scans, and pulmonary arterial catheterization, but pressure-volume determinations do have their special advantage. Data are obtained by "noninvasive" means without additional expense, discomfort, or danger. The equipment required to obtain these measurements are identical to that required for mechanical ventilation, and, thus, this monitoring tool does not require additional space. In addition, results are available within minutes and can be tabulated by auxiliary personnel and reported to the attending physician immediately. These attributes should make these determinations part of the routine data obtained when patients are treated with mechanical ventilation. At the conclusion of this investigation, pressure-volume determinations have continued to be used as routine monitoring measurements in all patients treated with mechanical ventilation. 
What Price
Historic paintings, writings and decorated household items of ancient days attest to the fact that means and ways were devised so as to escape, individually and collectively, from the adverse influence of the extreme heat of the environment as far back as the second or third millenium B.C. The use of huge plant leaves, simple man-made fans and folding fans were in common use from the Far East to the entire Westem Civilization. Some ancient rulers had snow or ice packed into the hollow walls of their residences. Dwellings of the d u e n t were cooled by hanging woven mats soaked with water across the entrance of their homes. The genius of the Italian, Michelangelo Buonarroti ( 1475-M64) produced a mechanical, water-powered fan. The first air-conditioning system was devised by a young American engineer, Willis H Carrier (1876-1950) for a Brooklyn, N.Y., printing h in 1902. Since then, air-conditioning has gained immense popularity for industrial plants, office buildings, places of public gatherings, means of transportation, residential structures and private homes. Temperature range from 22.7"C (73°F) to 25°C (77" F ) and humidity from 25 to 80 percent are in the comfort zone. The latter connotes relaxation and efficiency. Sporadic reports on some of the adverse sequels of airconditioning include that of Chemosky, ME (JAMA 179: 1005 (JAMA 179: , 1962 . He observed a group of subjects who developed dermatitis hiemalis during the hot summer months, related to long exposure to cooled air. The condition is associated with pruritus of the skin of the extremities and sides of the face and neck. Nasal stuffiness with or without nasal discharge and headache while staying in air-conditioned places, which disappears on leaving the area, was considered an exacerbation of a low-grade sinusitis due to chilling of the body, and called "the air-conditioning syndrome" by Shapiro, SL (JAMA 209: 118, 1969) . Hypersensitivity pneumonitis or extrinsic allergic alveolitis resulting from exposure to contaminated air-conditioner, with chills, fever, paroxysmal nonproductive cough and exertional dyspnea
